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The stability of messenger RNAs is an important aspect of gene regulation. It 34 influences the overall cellular mRNA concentration, as mRNA steady-state levels are 35 the ratio of synthesis and degradation rate. Moreover, low stability confers high 36 turnover to mRNA and therefore the capacity to rapidly reach a new steady-state 37 level in response to a transcriptional trigger (Shalem et al, 2008) . Hence, stress 38 genes, which must rapidly respond to environmental signals, show low stability 39 (Zeisel et al, 2011; Miller et al, 2011; Rabani et al, 2014; Marguerat et al, 2014) . In 40 contrast, high stability provides robustness to variations in transcription. Accordingly, 41 a wide range of mRNA-half-lives is observed in eukaryotes, with typical variations in 42 a given genome spanning one to two orders of magnitude (Schwanhäusser et al, 43 2011; Schwalb et al, 2016; Eser et al, 2016) . Also, significant variability in mRNA 44 half-life among human individuals could be demonstrated for about a quarter of 45 genes in lymphoblastoid cells and estimated to account for more than a third of the 46 gene expression variability (Duan et al, 2013) .
48
How mRNA stability is encoded in a gene sequence has long been a subject of 49 study. Cis-regulatory elements (CREs) affecting mRNA stability are mainly encoded 50 in the mRNA itself. They include but are not limited to secondary structure (Rabani et 51 al, 2008; Geisberg et al, 2014) , sequence motifs present in the 3'UTR including 52 binding sites of RNA-binding proteins (Olivas & Parker, 2000; Shalgi et al, 2005; 53 Duttagupta et al, 2005; Hogan et al, 2008; Hasan et al, 2014) , and, in higher 54 eukaryotes, microRNAs (Lee et al, 1993) . Moreover, translation-related features are 55 frequently associated with mRNA stability. For instance, inserting strong secondary 56 structure elements in the 5'UTR or modifying the translation start codon context 57 strongly destabilizes the long-lived PGK1 mRNA in S. cerevisiae (Muhlrad et al, 58 cerevisiae ( Figure 3A ). Species-specific tRNA adaptation index (sTAI) (Sabi & Tuller, 170 2014) significantly correlated with half-life in both S. cerevisiae (Supplementary 171 Figure S4E , ρ = 0.55, P < 2.2x10 -16 ) and S. pombe (Supplementary Figure S4F , ρ = 172 0.41, P < 2. 2x10 -16 ), confirming previously observed association between codon 173 optimality and mRNA stability (Presnyak et al, 2015; Harigaya & Parker, 2016) . Next,
174
using the out-of-folds explained variance as a summary statistics, we assessed its codon genes requires deadenylation activities of Ccr4-Not (Mishima & Tomari, 2016) .
183
In contrast to genes of the Ccr4-Not complex, PAN2/3 genes which encode also 184 deadenylation enzymes, were not found to be essential for the coupling between 185 codon usage and mRNA decay ( Figure 3B ). contradict the negative results for these genes reported by Radhakrishnan et al. 190 ( Radhakrishnan et al, 2016) . The difference might come from the fact that our 191 analysis is genome-wide, whereas Radhakrishnan and colleagues used a reporter 192 assay.
controlling of mRNA stability.
241
We validated the 3'UTR motif ATATTC with a reporter assay on two different genes 242 SFG1 and NYV1. Given the predicted small effect of a single motif, we generated reporter genes showed decreased expression levels compared to scrambled controls
246
(P = 0.02, mean fold-change 1.25, Supplementary Methods). Since the 3'UTR motif
247
ATATTC motif is not significantly associated with mRNA synthesis rate (P = 0.38,
248
Wilcoxon rank-sum test, half-life of genes without motif versus genes with motif), we 249 conclude that this decreased expression is due to decreased stability. Whi3 plays an important role in cell cycle control (Garí et al, 2001) . Binding of Whi3 264 leads to destabilization of the CLN3 mRNA (Cai & Futcher, 2013) . A subset of yeast 265 genes are up-regulated in the Whi3 knockout strain (Cai & Futcher, 2013) . However,
266
it was so far unclear whether Whi3 generally destabilizes mRNAs upon its binding.
267
Our analysis showed that mRNAs containing the Whi3 binding motif (TGCAT) have 268 significantly shorter half-life (FDR = 6.9x10 -04 , median fold-change 1.24). Surprisingly,
269
this binding motif is extremely widespread, with 896 out of 4,388 (20%) genes that we 270 examined containing the motif on the 3'UTR region, which enriched for genes 271 involved in several processes (Supplementary Table 3 ). Functionality of Whi3 binding 272 motif was found to be dependent on Ccr4 (FDR < 0.1, Supplementary Figure 6 ).
274
The mRNAs harboring the TTTTTTA motif tended to be more stable and enriched for 275 translation (P = 1.34x10 -03 , 2 fold enrichment, Supplementary Table 3, Figure 4A ). No show further associations indicating that the whole lengths of the motifs were 284 recovered ( Figure 4C ). Second, when allowing for one mismatch, the motif still 285 showed strong preferences ( Figure 4D ). Third, the motif instances were more 286 conserved than their flanking bases from the 3'UTR ( Figure 4E Figure S5) , and 3'UTR GC content dropped 325 below the significance when considered in the joint model (Supplementary Table 4) .
326
This loss of statistical significance may be due to lack of statistical power. Figure 5D ). Notably, although codon usage was the major (Roy & Jacobson, 2013; Huch & Nissan, 2014; Radhakrishnan & Green, 2016) .
368
Moreover, we assessed the dependencies of each sequence element on RNA 369 degradation pathways. Remarkably, we identified that codon-mediated decay is a 370 regulatory mechanism of the canonical decay pathways, including deadenylation-371 and decapping-dependent 5' to 3' decay and NMD ( Figure 5E ).
373
Predicting various steps of gene expression from sequence alone has long been a 374 subject of study (Beer & Tavazoie, 2004; Vogel et al, 2010; Zur & Tuller, 2013 Bayesian Information Criterion as criteria (step function in R, with k = log(n)). L1 or 501 L2 regularization were not necessary, as they did not improve the out-of-fold 502 prediction accuracy (tested with glmnet R package (Friedman et al, 2010) The goal of this study is to discover and integrate cis-regulatory mRNA elements affecting mRNA stability and assess their dependence on mRNA degradation pathways. Data) we obtained S. cerevisiae genome-wide half-life data from wild-type (WT) as well as from 34 knockout strains from Sun et al. (2013) . Each of the knockout strains has one gene closely related to mRNA degradation pathways knocked out. Analysis) we systematically searched for novel sequence features associating with half-life from 5 UTR, start codon context, CDS, stop codon context, and 3 UTR. Effects of previously reported cis-regulatory elements were also assessed. Moreover, we assessed the dependencies of different sequence features on degradation pathways by analyzing their effects in the knockout strains. Integrative model) we build a statistical model to predict genome-wide half-life solely from mRNA sequence. This allowed the quantification of the relative contributions of the sequence features to the overall variation across genes and assessing the sensitivity of mRNA stability with respect to single-nucleotide variants. ccr4Δ  caf40Δ  not3Δ  pop2Δ  pan2Δ  pan3Δ  dhh1Δ  pat1Δ  lsm1Δ  dcs1Δ  lsm7Δ  lsm6Δ  scd6Δ  edc3Δ  dcs2Δ  edc2Δ  rrp6Δ  rrp47Δ  ski3Δ  ski2Δ  ski7Δ  ski8Δ  pub1Δ  puf4Δ  puf6Δ  puf3Δ  puf5Δ  puf2Δ  puf1Δ  upf3Δ  upf2Δ  hbs1Δ  dom34Δ  xrn1Δ Codon-explained-variance (%) 
Contribution of each sequence features (%) CREs
Codon usage TAAG  TAAA  TAAT  TAAC  TAGG  TAGA  TAGT  TAGC  TGAG  TGAA  TGAT TAAG  TAAA  TAAT  TAAC  TAGG  TAGA  TAGT  TAGC  TGAG  TGAA  TGAT  TGAC   stop WT  ccr4Δ  caf40Δ  not3Δ  pop2Δ  pan2Δ  pan3Δ  dhh1Δ  pat1Δ  lsm1Δ  dcs1Δ  lsm7Δ  lsm6Δ  scd6Δ  edc3Δ  dcs2Δ  edc2Δ  rrp6Δ  rrp47Δ  ski3Δ  ski2Δ  ski7Δ  ski8Δ  pub1Δ  puf4Δ  puf6Δ  puf3Δ  puf5Δ  puf1Δ  puf2Δ  upf3Δ  upf2Δ  hbs1Δ  dom34Δ xrn1Δ Functional motifs recovered in different datasets Figure S8: Genome-wide prediction of mRNA half-lives from sequence features with RATE-seq data. mRNA halflives predicted (x-axis) versus measured (y-axis) with RATE-seq data for 3,539 genes that have complete profiles of all features. GGT   GGT   TAC   TAT   TCA   TCA   TCA   TCC   TCC   TCC   TCG   TCG   TCG   TCT   TCT   TCT   TGC   TGT   TTA   TTA   TTC   TTG  TTG   TTT   ATA  CGA  TTG  ATC  ATT  AGG  TGT  CGT  TGC  AGA  CCG  TCC  TTA  CTG  ACA  AAA  AAG  CGG  CCA  CGC  GGT  CCC  CTA  ACT  CCT  ACG  CAG  AGC  TCA  TCG  CAA  CTC  GCA  ACC  CTT  TCT  GCC  AGT  GGA  GCT  GGG  TTC  GGC  TTT  GCG  GAA  GAG  CAC  GAT  AAC  GAC  CAT  AAT  TAT  TAC 1.00
1.01 1.02
Expected half-life fold-change codons Figure S9 : Predicted effects of synonymous codon transitions on half-life. Expected half-life fold-change (x-axis) at each synonymous codon transitions. Each row represent transition from one codon (y-axis) to its synonymous partners. Only synonymous codons that differ by one base were considered.
